An apparatus has been developed which permits rapid collection of X-ray powder diffraction data for structure refinement by pattern analysis. The apparatus is built on a cylindrical position-sensitive detector with an angular aperture of 120 ° and resolution of 0.05 ° in 20. The detector uses a metal blade as anode and works in the self-quenching streamer mode of gas ionization. A wide-angle powder pattern can be recorded simultaneously from a stationary specimen, where geometrical broadening of reflection lines is suppressed by limiting the angular width of the incident beam. A test made with standard corundum powder shows that a diffraction pattern with a substantially better resolution is obtainable in oneeightieth the time compared with a normal 0-20 diffractometer. The usefulness of the apparatus in high-temperature work has been demonstrated in profile refinement of structural parameters for the 6 phase of bismuth oxide at 1057 K.
Introduction
The recent advance of Rietveld's technique has seen many successful examples of structure refinement for inorganic compounds from X-ray powder diffraction data. The technique is particularly valuable for structural studies of oxides which include a number of materials with possible applications in electronic ceramics. A standard way of collecting X-ray powder data is to use a 0-20 diffractometer. An important feature of this apparatus is the fact that divergent X-rays obtained from a fine-focus tube are focused on a receiving slit after reflection on the fiat powder briquette. The diffraction diagram is explored by stepscanning the receiving slit and a detector on the focusing circle at average angular velocity 20 with concomitant rotation of the specimen at velocity 0. Often a crystal is interposed between the receiving slit and the detector to reduce scattered radiation entering the detector. The method is designed to maximize diffracted intensity at a given angular resolution. However, the data-collection efficiency is not high since only one reflection is measurable at each moment. A way to improve this is to remove the receiving slit and replace the detector by a cylindrical positionsensitive detector with a wide angular aperture. The geometry now allows simultaneous recording of a whole diffraction diagram without any mechanical scan, both in specimen and detector. The improvement is important in high-temperature powder diffractometry, where rapid data collection not only reduces stability requirements, but also permits dynamic study of structural changes occurring in the specimen. works in 'self-quenching streamer' mode (Alekseev, Kalinina, Karpukhin, Khazins & Kruglov, 1980; Atac, Tollestrup & Potter, 1982) in place of the normal proportional mode as in other examples. A good signal-to-noise ratio obtainable in this mode of gas ionization has provided a high angular resolution of some hundredths of a degree.
The technique of blade anode and streamer ionization can be exploited in designing a more extended detector for powder work. With Cu Kct radiation many oxides produce measurable reflection lines up to 150 ° in 20. Also, the detector should have a physical dimension compatible with specimen environment chambers. Fig. 1 shows the constructed detector. The detector is 120 ° in angular aperture and 239 mm in radius of curvature for the front end. The entrance window, 10 mm high and 0"5 mm thick, is made of a curved beryllium plate, which serves also as the front cathode. The anode blade is located 5 mm behind, made of a stainless-steel sheet of 40 ~tm thickness with a sharp polished upper edge (see Fig. 2 ). Two insulating surfaces clamp the bottom part of the blade to form a hollow cylinder of 250 mm radius of curvature. The second cathode, located 5 mm behind the anode, consists of 300 parallel copper strips, 2 mm in centerto-center spacing, arranged normal to the anode blade on a printed circuit board. The cathode strips are connected to a curved delay line for position readout. Thus the active depth of the detector is 10 mm. An aluminium gas-tight box houses the electrodes and the delay line with two preamplifiers. The filling gas is a mixture of 54"5% argon, 39% ethane and 6.5% methylal, obtained by flowing the argon--ethane gas through liquid methylal at 273.16 K. The gas pressure is variable between 0"1 and 0"3 MPa, although we have not yet tested the maximum applicable pressure to the beryllium window. At a pressure of 0"24 M Pa, at which the detector is normally operated, the absorp-tion efficiency is 27% for Cu K~ photons. This would be considerably improved by the use of xenon-based gas.
The delay line is of 500 f~ characteristic impedance and has a total delay of 3 ~ts. The output signals are processed by modified Canberra model 2011 amplifiers and Canberra model 2037A edge/crossover timing single-channel analyzers. The time difference between two pulses arriving in the right and left channels is measured with a time-to-amplitude converter, and the output is directed to a multichannel analyzer. Alternatively, a fast encoding digitizer (e.g. LeCroy model 4204) is used with a large-capacity microprogrammable memory (Hashizume, Iitaka & Ogawa, 1984) . This combination permits time-resolved data collection.
The detector can work both in the proportional and self-quenching streamer modes depending on applied bias voltage. At low voltages all absorbed X-ray photons create proportional pulses. When the bias reaches the transition region, which depends on gas composition and pressure, either the proportional state or the streamer state occurs, as seen in Fig. 3 . A good signal-to-noise ratio, and hence a good spatial resolution, is provided only by the streamer pulses. A further increase in bias voltage results in a 100% probability of streamer pulse production, and this is the normal way of detector operation.
A test made with collimated Cu K~ radiation has found an angular resolution of 0.05-0.06 ° (FWHM) over the whole 120 ° range except at the left extremity (see Fig. 4 ). This immediately indicates that the average lateral breadth of charge distribution in the streamer is 0.2-0.25 mm on the anode blade, since the electronics contribute only 0"04 mm to the observed spatial resolution. As seen in Fig. 5 the integral nonlinearity of position determination is less than _ 0.2%. However, the absolute angle measuring error amounts to 0"2 ° , which requires correction in practical determination of reflection peak positions in powder works. At present the detector is not very good in spatial response: it suffers from an oscillatory nonuniformity of ca 10 ° period, on which are superimposed two dips at 25 and 45 °. One possible origin of the former is a slight periodic crumpling of the anode sheet, while local defects in the blade edge may be responsible for the latter.
Fitting of powder patterns recorded in the stationary specimen geometry Fig. 6 shows a fast powder diffractometer using the cylindrical X-ray position detector. It is mounted on the 20 arm of a two-axis goniometer. Two roller legs support the detector's weight of 13 kg. The powder sample, packed in a flat holder, is mounted on the 0 axis, which defines the incidence angle 00 of monochromatized X-rays from pyrolytic graphite. Neither specimen nor detector are rotated during data collec- tion. In this stationary specimen geometry, diffracted X-rays are focused on a single Rowland circle, but not generally on the detector circle (Fig. 7) . The linewidth U V arising from this effect is given as
where 20 is the scattering angle, ~0 the angular width of incident X-rays and Rd the radius of the detector circle. The broadening increases in proportion to ~o, and depends on 0o. Plots in Fig. 8 show that a large 0o is preferable for narrow line widths, but too large a 0o makes the accessible 20 space too small. 00 = 10-20 ° is a good compromise. No definite value can be given for the q~ that should be employed in this geometry: the angular width of the incident beam should be defined depending on the specimen. A divergent beam may introduce peak overlapping in crowded diffraction patterns, whereas an excessively parallel beam results in low diffracted intensity. A complete solution of this problem would be to position a thin detector on the Rowland circle, if available. Fig. 6 . Fast X-ray powder diffractometer using the cylindrical position-sensitive detector. The distance between the source point and the goniometer center is 250 mm. The cylindrical detector covers a 20 range of 120 ° at 250 mm from the specimen. In normal use a safety box houses the monochromator and the slit system. Fig. 7 . Focusing of diffracted X-rays in the stationary specimen geometry. S: Source, C: powder crystal, F: focus, U V: linewidth on detector circle, R4: radius of detector circle, q~: angular width of primary X-ray beam, 0o: X-ray incidence angle to the flat specimen surface. Table 1 ) from the same submicrometre corundum powder. The sample was packed into a glass holder, and data were taken with a fine-focus copper target tube. The absence of receiving slit has resulted in a slightly increased background, notably at low angles, in the pattern recorded by the cylindrical detector (Fig. 9c) . The resolution of different measurements is compared in Fig. 10 , which plots the half-widths of Bragg peaks in each pattern. It is seen that similar linewidths are obtained in the stationary specimen geometry and the standard 0-20 scan method, since the divergence of the incident beam was limited to 0.02 ° in the former. This implies, on the other hand, a ten times lower diffracted intensity in the stationary specimen geometry, demonstrating the obvious advantage of Bragg-Brentano focusing utilized in the 0-20 scan method. Fig. 10 Table 1 for data-collection conditions in A, B and C, D and E: single-crystal data, D: Lewis, Schwarzenbach & Flack (1982) , E: Calvert, Gabe & Le Page (1981) . where Yob~(20i) and Yca~(20i) are the observed and calculated intensities at 20i respectively, and W~ is the weight. It is hard to decide which pattern gives the best structural parameters in comparison with the singlecrystal data. This demonstrates the capability of the cylindrical position-sensitive detector to collect highquality powder data. Evidently, collected data are affected by the nonlinearities of the detector. This can be seen in relatively large residual differences between the observed and calculated intensities shown at the bottom of Fig. 9(c) . A better fit would be obtained if the non-ideal response of the detector was corrected for.
Lattice parameter

Application to structure refinements of bismuth oxide
Bismuth oxide Bi20 3 is a compound of current interest as a high-ionic-conductivity material. are known for Bi203: stable at room temperature ~, metastable fl and 7, and stable at high temperature 6. Of these the structure of the monoclinic ct form is known in detail from X-ray single-crystal analysis (Malmros, 1970) . On the other hand, no high-quality diffraction data are available on the cubic 7 phase, and there is controversy on the structure and space group of the cubic 6 phase (Medernach & Snyder, 1978) . The arguments are based upon rather old X-ray data collected on Debye-Scherrer cameras. This is the reason why we applied our instrument to structure refinement of the high-temperature polymorphs of bismuth oxide. The specimen was prepared by pulverizing commercially available Bi20 3 (Kwanto Chemicals, purity: 99.9%). An examination under a scanning electron microscope revealed irregularly shaped grains, a few micrometres in size. The sample was mounted on a thin fired pyrophyllite holder standing on a goniometer head (see Fig. 6 ). A small furnace with X-ray tunnels in shielding brick covered the sample-and its holder from above. Data were collected with a narrow Cu Ks beam, 0.02 ° in angular width, directed at 10 ° to the sample surface. To check the arrangement, a diffraction pattern was first recorded from the 7 phase at room temperature. Fig. 11 plots a part of the observed pattern, which shows very crowded but well resolved Bragg peaks in a 20 range of 15-75 ° . A Rietveld analysis of this pattern has yielded structural parameters listed in Table 3 , which are in good agreement with the single-crystal data of Malmros (1970) . The analysis employed the same anisotropic temperature factors as Malmros (1970) , but they were not refined.
Then the sample was slowly heated up to 1077 K, just below the melting point. During heating diffraction patterns were recorded at a regular interval. Interesting features were observed in the decay and growth of reflection peaks: the rate of change was not (2) 0"040(1) 0-044(1) 0"777(1) O(1) 0"702(19) 0-282(10) 0"655(11) 0(2) 0"252(18) 0"020(13) 0"102(12) 0(3) 0-193(17) 0"042(11) 0-500 (10) the same for all peaks, suggesting temperature-assisted rearrangement of grain orientations in the specimen. Fig. 12 reproduces a f-phase pattern observed at 1057 K. After the highest temperature was attained, the furnace was powered off to let the sample cool down at a rate of ca 60 K min-~. At 913 K reflections from the cubic 7 phase were observed (see Fig. 13 ).
The f-phase data were analyzed on the basis of two different proposed structure models: a simple cubic structure with a Pn3m space group (Sillen, 1937 ) and a f.c.c, structure with Fm3m symmetry (Gattow & Schroeder, 1962) Fig. 13 . X-ray powder pattern from the 7 phase of bismuth oxide recorded at 913 K.
location of the oxygen atoms: the bismuth atoms occupy the same f.c.c, sites. A crystal-chemical study by Zav'yalova & Imamov (1972) indicates that the 6 form should be expressed as Bi203_x with x = 0.2-0.3. We have included oxygen occupancy G as a variable parameter in the pattern analyses. Then, it was found that the observed pattern is fitted fairly well at refined values of G = 0-93 and 0.77 in the simple cubic model and the f.c.c, model, respectively. This indicates that x should be 0.2 and -0" 1 in the simple cubic structure and the f.c.c, structure. The goodness of fit is represented by Rwp values of 22.31 and 22"35%. The strongest reflection of mixed indices calculated in the simple cubic model is 110, which should produce a peak at 20 = 22.27 ° at 1057 K. No well defined peak exists at this position in the pattern (see Fig. 12 ). This may be taken to favor the f.c.c, model. However, since the 1 10 reflection is very weak (0-74% in integrated intensity of the strongest 111 reflection), the peak can easily be masked by background fluctuation. Thus, the simple cubic model appears to be more correct. The conclusion suggests that six oxygen sites in the simple cubic unit cell are vacant with a probability of 7%, leading to a slightly reduced sesquioxide. The nonstoichiometric composition represents a common tendency of oxides to lose oxygen at elevated temperatures.
We have not yet arrived at a definite structure for the 7 phase. It is useful at this point to indicate that the diffraction pattern shown in Fig. 13 gives all the reflections predicted by the b.c.c, model (Craig & Stephenson, 1975) , but no extra.
Discussion
It is fair to point out the disadvantages of the streamer detector. The principle of streamer formation results in no energy resolution in this class of radiation detector. This limits the application of the detector only to clean experiments, where no high polyenergetic background is expected. The streamer detector will certainly have low maximum permissible count rate compared to the proportional counter although this has not yet fully been studied. Also data are lacking on the dependence of position resolution on count rate. The need to apply a high bias voltage requires good insulating materials and/or surface treatments to avoid discharge breakdown, which can damage the detector. It is required to find gas mixtures giving a low transition voltage with good spatial resolution. Nonetheless, the cylindrical position-sensitive streamer detector is very promising in many fields of X-ray crystallography.
To further increase the speed of data acquisition, an attempt is being made to use a broad incidence slit and deconvolute the recorded pattern to correct for geometrical aberrations. Combined with a bright source it will permit kinetic data collection from powder crystals undergoing rapid structural changes.
